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COVER: A 1-picofarad,* 350,000-v capacitor constructed in the NBS high 
voltage laboratory for determining the voltage ratio and phase angle corrections 
of instrument voltage transformers. 

The capacitor was built in response to a request by the Ontario (Canada) 
Hydroelectric Power Commission for calibration of its 350,000-volt instrument 
transformer. So that a comparison of results might be obtained, the Commission 
made a similar request of the Canadian National Laboratory, which will calibrate 
the instrument before it is sent to the Bureau. 

The capacitor will serve for calibrating other instrument transformers up to 
350,000 v for use by public utilities and manufacturers as standards. 

A 7-ft high, 7-ft-diam aluminum can encloses the sphere and disk which 
form the capacitor plates. The heavy wooden framework serves to insulate the 
capacitor and to support the upper electrode. It also supports the cylinder 
containing the screw arrangement used to adjust the spacing between the sphere 
and the disk, and the connections from the sphere to the supply and test trans- 
formers. The plastic cover over the top of the can prevents the entrance of dust 
and dirt which could cause the capacitor to are over. 


*The prefix ‘‘pico”’ replaces micromicro. 
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High-Temperature Tantalum-Tube Furnace 


THE BUREAU, as part of its continuing program 
of high-temperature research, has developed a tan- 
talum-tube resistance furnace capable of sustained, 
stable operation at temperatures as high as 2,200 °C.! 
This furnace, designed by Douglas Thomas of the 
temperature physics laboratory, and based on earlier 
work by R. C. Corruccini, will be employed in the 
study of refractory-metal and rare-metal thermocouple 
materials, and may eventually be used to provide 
thermocouple calibration services beyond present 
capabilities.” 

A wide variety of thermocouple combinations, such 
as Chromel-Alumel, which has a maximum useful tem- 
perature of about 1,260 °C, _platinum-platinum- 
rhodium (1,480 °C max) and copper-constantan (370 
°C max) are used in science and industry. However, 
there is a growing need for thermocouples whose 
upper limit exceeds that of platinum-rhodium couples. 
Such materials as tungsten, rhenium, iridium, and 
iridium-rhodium show definite possibilities of being 
useful as high-temperature thermocouple elements, and 
their characteristics will be investigated with the 
tantalum-tube furnace. 

Several criteria were established for the basic design 
and operation of the furnace: The thermocouple was 
to be freely suspended within the furnace in such a 
manner as to eliminate bending, pathways of thermal 
conduction, and contact with materials whose electri- 
cal resistance is low at high temperature; the meas- 
uring junction was to be surrounded by a region in 
which blackbody conditions exist, with a certain length 
of the couple at uniform temperature, and with uni- 
form lateral temperature gradients; the furnace was 
to come to temperature rapidly, and provisions were 
to be made for maintaining the interior in,vacuum or 
filled with a purified inert gas. 

The heating element of the furnace consists of a 
tantalum tube 1 in. in diameter, having a wall 0.020 
in. thick, and about 18 in. in length. The tube is 
positioned vertically between metal plates which act 
as electrical terminals. The upper portion of the tube 
is split lengthwise into six sections which are spread 
into wedge-shaped arms to serve as a thermal expan- 
sion joint. Since initial measurements indicated that 
blackbody conditions did not exist within the tube, a 
cylindrical molybdenum crucible, 2 in. long, was sus- 
pended on wires within the tantalum tube, and 
provided the necessary blackbody radiation. 

The tantalum tube is surrounded by four concentric 
radiation shields, the first made of tantalum and the 
other three of molybdenum. There is an outer brass 
shell, to the surface of which is soldered a network 
of tubing to carry cooling water. Radiation from the 
molybdenum blackbody emanates through a_ hole 


Top view of the tantalum-tube furnace with the cover 
removed. The tantalum tube has been cut near the top 
and formed into the 6-armed configuration to allow for 
expansion. Four radiation shields can be seen between 
the tube and the outer brass shell. 
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(0.045 in. diam) in the tantalum tube, through 14-in. 
holes in the radiation shields, and through a Pyrex 
window in the outer shell. The temperature of this 
radiation is observed with an optical pyrometer. 

Thermocouples enter the furnace through airtight 
seals at the top. The thermocouple wires pass through 
an aluminum oxide radiation shield, and extend down 
the tube into the blackbody. Measurements have 
shown that a 2-in. length of the couple (of 0.020-in.- 
diam wire) must be enclosed within the blackbody for 
good agreement to be obtained with optical-pyrometer 
determinations of the temperature. When several 
thermocouples are to be intercompared, a special set 
of shields is emplaced and the junctions are fastened 
to the outside of the tantalum tube. 

As contamination of thermocuple materials affects 
the electromotive force developed at a particular tem- 
perature, provisions have been made for either evacu- 
ating the furnace or filling it with purified inert gas. 
A vacuum of better than 0.1 » of mercury can be 
maintained when the furnace is at room temperature; 
at operating temperatures, a reasonably high vacuum 
can be maintained by continuous pumping on the 
system. 

When an inert gas atmosphere is required, the 
furnace is filled with purified helium gas. Research 
grade helium is cleaned prior to entering the furnace 
by passing it first over chips of titanium metal at 
800 to 1,000 °C to remove oxygen and nitrogen, and 
then over zirconium chips at 300 to 400 °C to remove 
hydrogen and oxygen. 

The furnace can be brought to operating tempera- 
ture in 5 min, although a longer period is required 
for stabilization. Power to the furnace, supplied 
through a 30-kva saturable core reactor and a step- 
down transformer, can be controlled either by hand 
or automatically. Temperature fluctuations in the 
heating element are held to a minimum by the auto- 
matic controller which stabilizes the voltage supplied 
by the saturable core reactor. The largest fluctuations 
occurring over a 10-min period, as measured with a 


thermocouple, were 0.2 deg at 1,140 °C, 0.5 deg at 
1,510 °C, and 4.2 deg at 2,115 °C. 

As the International Practical Temperature Scale * 
is defined above 1,063 °C in terms of blackbody radi- 


ation, the temperature of the furnace is determined 


Tantalum-tube furnace developed for the investigation 
of thermocouples at temperatures as high as 2200 °C. 
The furnace (largest cylinder, just right of center) con- 
sists of a resistively heated tantalum tube surrounded by 
radiation shields and enclosed within a water-cooled 
brass shell. The furnace can be evacuated by means of 
the oil diffusion pump (backed by a mechanical pump) 
to the right, or, if an inert atmosphere is desired, helium, 
purified in the two cylinders on the left, is flowed into 
the interior. Furnace temperatures are determined with 
the optical pyrometer seen on the far right. 


with a calibrated optical pyrometer. When a thermo- 
couple inside the blackbody is being calibrated, simul- 
taneous readings of thermocouple emf and current 
to the pyrometer are taken. Of course, the absorption 
of radiation in the Pyrex window has been determined, 
and an appropriate correction is applied to the 
pyrometer readings. 


"For further details, see A furnace for thermocouple 
calibrations to 2,200 °C, by Douglas B. Thomas, J. Re- 
search NBS 66C (Eng. & Instr.) No. 3, July—Sept. 1962 
(to be published). 

> Thermocouple calibration, NBS Tech. News Bull. 45, 
44 (Mar. 1961). See also Calibration of optical pyrom- 
eters, NBS Tech. News Bull. 45, 184 (Nov. 1961). 

*The international practical temperature scale, NBS 
Tech. News Bull. 45, 65 (Apr. 1961). 


Tensile Strength and Modulus of Elasticity 


ALTHOUGH the success of dental restorations de- 
pends on the properties both of filling materials and of 
hard tooth tissues, few if any data have been reported 
on the tensile properties of these substances. A recent 
NBS study provides data on the tensile strength and 
modulus of elasticity, or stiffness, of dentin and 
various dental resins and cements, and on the tensile 
strength of tooth enamel. 

This work was conducted in the Bureau’s dental re- 
search laboratory by Dr. R. L. Bowen, research asso- 
ciate of the American Dental Association at the 
Bureau, and Dr. M. S. Rodriguez, a guest worker from 
Georgetown University, Washington, D.C. It was 
partially supported by the National Institute for Dental 
Research. 

Results of the study may prove useful in evaluating 
the effectiveness of fillings and in developing improved 
dental materials. Tensile strength is an important 


in Dental Materials 


factor in determining the structural capability of a 
dental restoration, while stiffness indicates the extent 
to which the restoration will be deformed during 
mastication. 


Specimen Preparation and Test Procedure 


The enamel and dentin specimens were cut freehand, 
with rotating diamond instruments, from freshly ex- 
tracted teeth. Each specimen was fitted into a stain- 
less steel split mold having a 3,4-in.-long cavity, en- 
larged and rounded at the ends. The narrowed test 
section of the specimen, having a rectangular cross- 
sectional area of about 0.0015 in.?, was wrapped in tin- 
foil to center and aline it in the mold. A self-curing 
resin was then packed around the ends of the specimen 
and a glass plate was pressed down on the mold and 
clamped in place. After the resin hardened, the 
specimen was removed from the mold and the tinfoil 
was unwound. 

The filling materials tested were silicate and zinc 
phosphate cements, and several resins. Specimens of 
these materials were also prepared in the split mold. 
One experimental compound consisted of about 70 per- 
cent of vinylsilane-treated, fused silica particles 
cemented together with a crosslinked organic polymer. 


A stainless steel split mold used for making tensile specimens of tooth 
tissue and filling materials. 
(% in. long) is held in alinement by a strip of tinfoil around the 
reduced test section. 
der of the mold cavity will be filled with a self-curing resin. 


A dentin specimen in the mold cavity 


To complete specimen preparation, the remain- 
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Left: Typical stress-strain curves obtained in tension of dentin and some filling materials. Arrows indicates average 


tensile strengths. 


the slopes indicates the relative stiffness of the materials. 


extracted tooth. 


The treated silica powder containing benzoyl peroxide 
was mixed with a comonomer solution (an addition- 
reaction product of bis(4-hydroxyphenyl) dimethyl- 
methane and glycidyl methacrylate reduced in viscosity 
with methyl methacrylate) containing N,\-dimethyl-p- 
toluidene. When the resultant powder-liquid mixture 
was packed into the mold, it hardened by free radical 
polymerization within 10 min. 

After preparation, the specimens were stored in dis- 
tilled water at 37 °C for 7 days before testing. Tensile 
loading was then applied and measured by a testing 
machine with grips that fitted over the large ends of 
the specimens. These grips were drawn apart at a 
constant rate of 0.002 in./min. To measure strain, the 
knife edges of optical strain gages having a 14-in. gage 
length were placed directly on the test section of the 
specimen. 


Results 
The study showed that average tensile strengths in 


pounds per square inch were: human enamel, 1,500; 
human dentin, 7,500; bovine enamel, 3,000; bovine 


D, dentin; X, silica-resin material; P, direct filling resin; S, silicate cement. 


The steepness of 
Right: A partially prepared specimen from a freshly 


dentin, 8,500; silicate cements, 700; zinc phosphate 
cements, 550; direct filling resins, 4,200; the experi- 
mental compound containing the ‘vinylsilane-treated 
silica, 4,500. The tensile strength of this compound 
depended on the surface treatment of the silica par- 
ticles. When it was prepared and tested without 
vinylsilane coating on the silica particles, the value for 
tensile strength was only 1,500 psi. 

Stiffness of the materials was determined from the 
initial straight-line portion of stress-strain curves 
plotted from the results of the tensile tests. Average 
values ( X 10° psi) were: human dentin, 2.8; a silicate 
cement, 3.1; direct filling resins, 0.27; and the 
vinylsilane-treated silica-reinforced resin, 1.6. 

These results show that the experimental silica-resin 
compound has a tensile strength between those of 
dentin and enamel, and has a modulus of elasticity 
approaching that of dentin. 


1 For further technical details, see Tensile strength and 
modulus of elasticity of tooth structure and_ several 
restorative materials, by R. L. Bowen and Mario S. 


Rodriguez, J. Am. Dental Assoc. 64, 378 (1962). 


BOUNDARY LAYER INSTABILITY 


ONE OF THE more important problems in fluid 
mechanics is the transition from laminar to turbulent 
flow in an airstream. The nature of the flow in the 
boundary layer—the layer of the medium, either gas 
or liquid, immediately contiguous to the surface of 
an object in a stream—greatly influences drag and 
aerodynamic heating. Consequently, the boundary 
layer flow has received the greatest attention and also 
the most successful treatment. 

The Bureau has recently completed an experimental 
study ' of the three-dimensional nature of boundary 
layer instability at subsonic speeds. This study was 
part of a long-range experimental investigation which 
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the National Aeronautics and Space Administration is 
sponsoring to determine the mechanics of transition 
from laminar to turbulent flow at both low and super- 
sonic speeds. 

Data obtained in the low-speed study by P. S. 
Klebanoff, K. D. Tidstrom, and L. M. Sargent, of the 
fluid mechanics laboratory, were sufficient for an evalu- 
ation of existing theoretical considerations and for 
development of a sound physical model as a basis for 
a theoretical approach. A principal conclusion drawn 
from the study is that a new perspective—one in which 
three-dimensionality is of prime importance—is re- 
quired for the understanding of boundary layer 
instability. 


a3 


It has been shown ” previously that there is a definite 
and reproducible progression of events by which small 
disturbances evolve into turbulence. This evolution 
comprises three stages of development: a primary stage, 
which is fairly well understood, governed by the 
linearized stability theories; a second stage where dis- 
turbances are of finite amplitude and strong three- 
dimensional effects are observed; and a third stage 
involving the breakdown of the wave motion and the 
onset of turbulence. 

Although stability theories exist which accurately 
describe the behavior of small perturbations and spec- 
ify the critical Reynolds number for which a laminar 
boundary layer is unstable, the inherent limitations 
arising from the linear character of the theory prevent 
it from adequately dealing with the actual breakdown 
of laminar flow. At the present time, one must depend 
on experiment to bridge the gap between the initial 
instability when the disturbance is small and the sub- 
sequent nonlinear behavior and breakdown of the 
motion into turbulence. Therefore, the Bureau’s effort 
has been directed toward a more thorough understand- 
ing of these later stages. 

Although present-day interest is largely in the super- 
sonic and hypersonic flow regimes, the low-speed 
regime still offers the best conditions for experimen- 
tally examining the mechanics of transition, princi- 
pally because boundary layers are thicker and the 
hot-wire anemometer can be used here to best 
advantage. 

In the Bureau’s study, three-dimensional disturb- 
ances in the form of waves were artificially introduced 
into a two-dimensional laminar boundary layer under 
controlled conditions. The growth and evolution of 


Equipment used for analysis of hot-wire signal in the 
study of boundary layer instability. L. M. Sargent mon- 
itors on the oscilloscope the disurbance level introduced 
into the boundary layer by the vibrating ribbon. The 
hot-wire filament, which is a 0.0001-in. diam platinum 
wire 1 mm long, is heated by a constant electric current. 
The rate of cooling of the hot wire varies with the 
velocity fluctuations in the airstream; the resulting volt- 
age fluctuations are a measure of the disturbance level. 
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these disturbances were then studied with the hot-wire 
anemometer. 

The results obtained have established that there are 
longitudinal vortices associated with the nonlinear 
three-dimensional wave motions. Sufficient data were 
obtained for an evaluation of existing theoretical 
approaches. Those approaches which have been con- 
sidered are the generation of higher harmonics,’ the 
interaction of the mean flow and the Reynolds stress,* 
the concave streamline curvature associated with the 
wave motion,” the vortex loop,® and the nonlinear effect 
of a three-dimensional perturbation.” It appears that, 
except for the latter, they do not adequately describe 
the observed phenomena. It is not that the theories 
are incorrect or may not play a role in some aspect 
of the local behavior, but from the overall point of 
view the results suggest that it is the nonlinear effect 
of a three-dimensional perturbation which dominates 
the behavior and gives rise to the observed longitudinal 
eddy system. 

The actual breakdown of the wave motion into the 
formation of turbulent spots and turbulence was shown 
to be a consequence of what is believed to be a new 
instability that arises in the aforementioned three- 


Experimental arrangement used in a study of boundary 
layer instability. Cut-away section shows electromagnet 
used with vibrating ribbon to initiate controlled bound- 
ary layer disturbances. The probe at right carries two 
hot-wire filaments for measuring disturbance level in the 
boundary layer at two fixed distances from the surface 
of the plate. 
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Oscillograms of longitudinal velocity fluctuations at various streamwise positions x; illustrate the breakdown process 


from a wave disturbance relatively free of distortion to turbulent flow. 


In each case, the top trace is the longi- 


tudinal velocity fluctuation varying with time about its mean value; the lower trace is a reference wave which was 


the input signal to the vibrating ribbon. 


occur each cycle of the primary wave and increase in number in the downstream direction. 
of the intense fluctuation shown at x:=9.00 in. that is taken as the position of initial breakdown. 
of phase and velocity show these fluctuations to be “hairpin” eddies. 


to the turbulent flow condition shown at x;—15.00 in. 


dimensional wave motion. This instability involves 
the generation of “hasrpin” eddies (not to be confused 
with the longitudinal eddies), and is remarkably simi- 
lar in behavior to inflexional instability such as may 
be found in wakes, jets, etc. The results obtained 
from the study of controlled disturbances are equally 
applicable to “natural” transition; e.g., a transition 
that is initiated by ambient disturbances such as exist 
in a wind tunnel. 

The experimental arrangement for the Bureau’s 
study was an aluminum flat plate—12 ft long, 4.5 ft 
wide, and 0.25 in. thick, with a symmetrically tapered 
and sharpened leading edge—mounted vertically in 
the center of a 4.5-ft tunnel (see illustration, p. 54, 
right). The wind tunnel speed was 50 ft/sec. The 
ribbon used to introduce disturbances was metallic but 
nonmagnetic and was 0.002 in. thick, 0.18 in. wide, and 
36 in. long. It was positioned transverse to the flow 
at 35 in. downstream of the leading edge of the plate 
and 0.009 in. from the plate surface. The middle 
segment of the ribbon, 13 in. in length, was free to 
vibrate at different frequencies and amplitudes when 
driven by an alternating current in the presence of a 
magnetic field created by an electromagnet mounted 
on the other side of the plate. 

Spacers (not shown in figure), made from strips 
of cellophane tape 0.003 in. thick, 0.5 in. long, and 
spaced 0.5 in. apart, were placed on the surface of 
the plate beneath the vibrating ribbon for the pur- 


April 1962 


The breakdown process is characterized by intense fluctuations which 


It is the beginning 
Measurements 
The eddies are unstable and quickly lead 


pose of controlling the three-dimensionality of the 
disturbances. 


For further information, see The three-dimensional 
nature of boundary layer instability, by P. S. Klebanoff, 
K. D. Tidstrom, and L. M. Sargent, J. Fluid Mech. 12, 
Pt. 1, 1-34 (1962). 

* Contributions on the mechanics of boundary layer 
transition, by G. B. Schubauer and P. S. Klebanoff, 
NACA Rept. 1289 (1956) ; Mechanism of transition at 
subsonic speeds, by G. B. Schubauer, Boundary Layer 
Research Symposium (ed. H. Gortler), Frieburg, 
Springer-Verlag, 85-109 (1957) ; Evolution of amplified 
waves leading to transition in a boundary layer with zero 
pressure gradient, by P. S. Klebanoff and K. D. Tidstrom, 
NASA TN D-195 (1959). 

3 On the instability of laminar flow and its transition 
to turbulence, by C. C. Lin, Boundary Layer Research 
Symposium (ed. H. Gortler), Frieburg, Springer-Verlag, 
144-160 (1957). 

*Stability of viscous motion between parallel planes 
for finite disturbances, by D. Meksyn and J. T. Stuart, 
Proc. Roy. Soc. A208, 517-526 (1951); On the non- 
linear mechanics of hydrodynamic stability, by J. T. 
Stuart, J. Fluid Mech. 4, 1-21 (1958). 

* Theorie der sekundaren Instabilitat der lJaminaren 
Grenzschichten, by H. Gortler and H. Witting, Boundary 
Layer Research Symposium (ed. H. Gértler), Frieburg, 
Springer-Verlag, 110-126 (1957). 

*The structure of turbulence, by T. Theodorsen, 50 
Jahre Grenzschichtforschung (ed. H. Gortler and W. Toll- 
mien), Braunschweig, Veiweg und Sohn, 55-62 (1955). 

™QOn the secondary motion induced by oscillations in 
a shear flow, by D. J. Menny and C. C. Lin, Phys. Fluids 
3, 656-657 (1960) ; A non-linear theory for oscillations 
in a parallel flow, by D. J. Benny, J. Fluid Mech. 10, 
209-236 (1961). 


3D 


Color Standards for 
Spectrophotometer-Integrator 


Cambinations 


THE BUREAU has developed sets of color standards 
to check the performance of spectrophotometer- 
tristimulus integrator combinations, the automatic re- 
cording and computing devices used in routine color 
measurement. Each set consists of five 2-inch square 
filters made of selenium orange-red, signal yellow, 
sextant green, cobalt blue, and selective neutral glass. 
A detailed report ' issued with the standards contains 
instructions for their use as well as colorimetric data 
which aid in detecting errors inherent in the equipment 
and in making adjustments to correct for such errors.” 

The spectrophotometer has long been recognized as 
a valuable tool in color analysis and color control. 
The tristimulus values of a color—that is, the amounts 
of primary red, green, and blue light which, when 
added together, produce a particular color—are 
readily calculated from the spectral transmittance or 
reflectance curves automatically recorded with this 
instrument. But these calculations are extremely 
tedious and time-consuming, so a computer attachment 
is often employed to compute the tristimulus values of 
a color sample while its spectrophotometric curve is 
being simultaneously recorded. 

Many spectrophotometer-integrator combinations are 
now being used in this country to measure color for 
color specifications and for color standardization. 
However, no working standards have been available for 
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verifying the accuracy of these measurements. At the 
request of color laboratories and of industries whose 
products are graded primarily on the basis of color, 
standards were selected and calibrated, and the neces- 
sary data for their use were calculated by Harry J. 
Keegan, John C. Schleter, and Deane B. Judd of the 
colorimetry laboratory. 

From 200 filters produced commercially of each of 
the five types of color glass (each glass obtained from 
the same melt), 100 filters of each glass were chosen 
by visual inspection as being most nearly alike. Three 
sets of each of the five filters were arbitrarily selected 
from this group, and designated as master standards. 
Tristimulus values were determined for these master 
standards from the averages of measurements made on 
four different kinds of spectrophotometers. The re- 
maining sets, to be issued as standard materials, were 
then calibrated in terms of the values assigned to the 
master standards. 
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Left: Spectral transmittance curves at wavelengths in 
the visible spectrum of five color standards now available 
for checking the performance of spectrophotometer- 
tristimulus integrator systems. 2101—selenium orange- 
red filter; 2102—-signal yellow filter; 2103—sextant 
green filter; 2104—cobalt blue filter; 2105—selective 
neutral filter. Above: International Commission of II- 
lumination chromaticity diagram showing the chromatic- 
ity coordinates (x, y) of the five NBS color standards. 
The chromaticity coordinates are given for three standard 
sources: A—Tungsten lamp light at a color temperature 
of 2854 °K; B—Mean-noon sunlight, 4800 °K; C— 
North-sky daylight, 6500 °K. 
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Values were then obtained for the amounts of de- 
parture from the true values of these standards that 
would be caused by various types of errors inherent in 
spectrophotometer-integrator combinations. These er- 
rors may be caused by incorrect setting of the zero 
and 100 percent points on the photometric scale, or by 
maladjustment of the wavelength scale, or they may be 
induced by slit-width size, inertia of the recording 
equipment, back reflectance or stray energy in the 
optical system, or faulty linkage between spectro- 
photometer and integrator. The values computed for 
these errors and the filter or filters with which the 
errors can be most readily detected are tabulated in the 
report issued with the standards. A certificate of the 
measured tristimulus values found for each filter is also 
forwarded with the standards. 

With these data, corrections can be made for equip- 
ment maladjustments, and for the other sources of 
error in the equipment listed above. If a user of the 


standards finds that a given spectrophotometer-inte- 
grator system yields the certified tristimulus values 
forwarded with the standards within established toler- 
ances, he may conclude that the system is properly 
designed and adjusted. 


Glass filters’ for checking performance of spectro- 
photometer-integrator systems of color measurement, 
Harry J. Keegan, John C. Schleter, and Deane B. Judd, 
J. Research NBS 66A (Phys. and Chem.) No. 3, 203 
(May-June 1962). 

*The color standards will be issued only in complete 
sets as NBS Standards Nos. 2101 through 2105. They 
may be purchased from the Standard Samples Clerk, 
National Bureau of Standards, Washington 25, D.C., for 
$250 a set. Other standard samples available are de- 
scribed in NBS Misc. Publ. 241, Standard Materials. 
This publication may be ordered from the Superintendent 
of Documents, U.S. Government Printing Office, Wash- 
ington 25, D.C., for $0.30. Up-to-date supplementary 
inserts, which are issued periodically, are available from 
the National Bureau of Standards upon request. 


Schedule Announced for 1962 Radio Propagation Course 


The 1962 National Bureau of Standards course in 
Radio Propagation will be given July 16. through 
August 3. The course, administered by the NBS 
Boulder, Colo., Laboratories, is open to scientific and 
| engineering personnel in other government agencies, in- 
| dustry, or universities. 

This 3-week course is designed to provide a discussion 
of the fundamentals of radio propagation, the latest ad- 
vances in the state of the art, and, the application of this 
knowledge to the design and development of communi- 
cation systems. 

The 1962 course will employ a unified approach to both 
ionospheric and tropospheric propagation. This unifi- 
cation permits adoption of the experience and suggestions 
obtained from the 1961 course. In particular, increased 
emphasis will be given both to fundamental physics and 
to systems applications. An integrated development of 
tropospheric and ionospheric propagation will stress 
similarities and differences of the two. 

The course will consider communication via the entire 
range of usable radiofrequencies in the atmosphere, 

space, underground, and underwater, and will extend 
into the modes of propagation which are being explored 
for future use. Following is a list of tentative lectures: 

1. Historical development of Maxwell’s equations 

2. The wave solutions of Maxwell’s equations 

3. Properties of the atmosphere I 

4. Properties of the atmosphere II 

5. Measurement of atmospheric properties 

6. Ray theory in radio propagation 

7. Statistics in radio propagation 

8. Random processes in the medium 

9. Turbulent scattering theory 

10. Sources of noise I 
11. Sources of noise II 
12. Experimental methods I 
13. Experimental methods II 
14. Line-of-sight tropospheric propagation 
15. Tropospheric refraction and attenuation 
16. Diffraction and obstacle-gain 
17. Irregular terrain 
18. Tropospheric turbulence 
19. Line-of-sight phase stability 
20. Tropospheric forward scatter I 
21. Tropospheric forward scatter II 
22. Formation and structure of the ionosphere 
23. The quiet ionosphere 
24. The disturbed ionosphere 


25. Geomagnetism and geomagnetic storms 

26. Magneto-ionic theory 

27. Applications of the Appleton-Hartree formula 

28. Magneto-ionic ray tracing 

29. Ground wave propagation 

30. VLF propagation, introduction and _ historical 
background 

31. Introduction to the theory of VLF propagation 

32. Use of atmospherics in VLF propagation 
studies 

33. Phase velocity and stability in VLF propaga- 
tion 

34. Low-frequency propagation 

35. High-frequency modes of propagation 

36. High-frequency multipath and fading 

37. High-frequency transmission loss 

38. Arctic high-frequency propagation 

39. D-region scatter 

40. Auroral and incoherent scatter 

41. Meteor scatter 

42. Earth-space (refraction and polarization) 

43. Exospheric ducting 

45. Propagation factors affecting system design 

46. Tropospheric predictions 

47. Ionospheric predictions and disturbance fore- 
casts 

48. Tropospheric forward-scatter systems 

49. Low-frequency systems and submarine com- 
munications 

50. Regular ionospheric systems 

51. Ionospheric forward-scatter systems 

52. Earth-space systems 

53. Radio location systems I 

54. Radio location systems II. 

Lectures will be supplemented by regularly scheduled 
informal discussions conducted by all lecturers within 
a particular topic group. 

Prerequisites: A bachelor’s degree in electrical engi- 
neering, physics, or other suitable academic or practical 
experience. Tuition: Entire course—$300. Dates: 
July 16 through August 3, 1962. Registration will be 
limited and early application should be made to insure 
consideration. To facilitate local arrangements, regis- 
tration will be closed July 1, 1962. Further details of 
the course and registration forms are now available 
from: Edmund H. Brown, Education Director, Boulder 
Laboratories, National Bureau of Standards, Boulder, 
Colorado. 
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ACCURATE DATA on the thermochemical prop- 
erties of pure materials are becoming increasingly 
necessary to the advancement of science, industry, and 
national defense. At present one of the most impor- 
tant uses of such information is in the prediction, 
selection, and development of more powerful fuels and 
oxidizers for use in rockets. Thermochemical data 
are also urgently needed in various industrial applica- 
tions such as chemical-process plants, where they are 
employed to determine heat balances, to study the 
feasibility of reactions, and to develop new chemical 
processes. 

To provide basic information for these fields, the 
Bureau is conducting an extensive program to deter- 
mine and compile reliable values for the heats of com- 
bustion, reaction, and formation of various highly 
purified hydrocarbons, compounds of the light-metal 
elements, promising fluorine compounds, and other 
substances. These data are of value in many branches 
of science. For example, the heats of formation of 
pure compounds are used for studying the interactions 
between atoms and for calculating chemical equilibria 
and other thermodynamic quantities. Also, from 
measured heats of formation, values can be predicted 
for the binding energies in other molecules containing 
different combinations of atoms, such as in isomeric 
substances or in a homologous series of organic com- 
pounds. In some cases the heat of formation of a 
chemical compound may be determined directly by 
measuring the energy associated with the combination 
of the elements in a chemical reaction; for example, 
the burning of carbon in oxygen to form carbon diox- 
ide. Usually, however, it is necessary to combine the 
energies associated with several different chemical reac- 
tions in order to obtain the desired heat of formation. 


Calorimeters and Experimental Procedures 


Calorimeters are utilized to obtain accurate values 
of the heat changes accompanying chemical reactions. 
In a typical experiment the reaction under study is 
initiated in the calorimeter’s inner vessel, which is 


Top of page: Filled, sealed (top) and empty, unsealed 
(bottom) glass ampoules used in the calorimetry studies. 
These thumbnail-size ampoules represent one type of 
container employed to prevent volatile liquid materials 
from evaporating prior to combustion. 
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entirely surrounded by a given quantity of water in an 
insulated container. The heat evolved during the reac- 
tion warms the water and can be determined from the 
change in water temperature. 

Each type of calorimeter is designed with slightly 
different features, depending on the materials investi- 
gated. For relatively nonvolatile liquid or solid mate- 
rials, combustion is conducted in a bomb calorimeter 
with high-pressure oxygen or other oxidizer gas, such 
as fluorine. Bomb calorimeters currently used by the 


Rotating bomb and the associated calorimeter used for 
measuring combustion reactions where the products of 
reaction dissolve in water with considerable heat. With 
the rotating gear mechanism, solutions in the bomb are 
made homogeneous during the experiment. 


Bureau consist essentially of a calorimeter vessel con- 
taining a measured amount of water, in which are 
immersed: (1) a thermometer for measuring the tem- 


‘perature of the water, (2) a stirring device for main- 


taining a uniform temperature, and (3) a “bomb”—.e., 
a heavy-walled container of constant volume in which 
the combustible materials can be burned in an oxi- 
dizer under pressure. To control heat transfer between 
the calorimeter and its environment, the calorimeter 
vessel is enclosed by an isothermal “jacket,” main- 
tained at 28 °C, which is separated from the vessel 
by an air space about 1 cm thick. A thermoregulator 
controls the jacket temperature to 0.002 °C. Time 
intervals for measuring the calorimeter-temperature 
drift rate are checked against the Bureau’s standard 
of frequency. 

For a typical experiment in an oxygen bomb 
calorimeter, an accurately weighed sample is placed 
in a crucible in the bomb (volatile liquid samples 
would be sealed in glass ampoules containing about 
1 ml) and purified oxygen is introduced to a pressure 
of thirty atmospheres. The bomb is placed into the 
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water-filled calorimetric vessel within the jacket and 
the sample ignited by means of an electrically heated 
wire fuse. The heat released by the consequent reac- 
tion escapes through the bomb and warms the sur- 
rounding water. The resulting rise in the temperature 
of the water is measured to within 0.0001 °C by means 
of a platinum resistance thermometer and Wheatstone 
bridge arrangement. This change in temperature, 
when corrected for the heats of ignition, stirring, and 
thermal leakage, is directly related to the amount of 
energy released by the combustion process under the 
experimental conditions. After the calorimetric experi- 
ment the contents of the bomb are analyzed to 
determine the purity of the process. 

Bomb calorimeters may be calibrated either by intro- 
ducing a measured quantity of electrical energy into 
the system or by burning a standard reference sub- 
stance for which the heat of combustion is accurately 
known. The Bureau issues standard samples + of ben- 
zoic acid and iso-octane (2,2,4-trimethylpentane) , each 
with a certified value for its heat of combustion under 
specified conditions. 

To produce homogeneous liquid mixtures in reac- 
tions where the products of combination dissolve in 
water with considerable heat, a rotating bomb calo- 
rimeter is now being used. With slight modifications, 
this instrument has essentially the same features as 
other calorimeters plus the bomb rotating mechanism. 
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Above: L. A. Krieger checks one of the components of a 
multipurpose control system now being assembled at the 
Bureau. When completed, this composite apparatus will 
be adapted for monitoring and recording several types 
of bomb-calorimetry measurements. 

Typical burner and combustion chamber used for fluo- 
rine flame calorimetry. Components are: A, B, C, fuel, 
fluorine, and helium flow lines; D, combustion chamber 
exit; E, burner chamber; F, burner tip; G, nickel-copper- 
alloy coil; H, Teflon gasket; and J, heat interchanger 
for incoming and outgoing gases. 
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Flame calorimeters are used for measuring the heats 
of combustion of gases and of certain low-boiling 
liquids for which the bomb type of instrument is not 
suitable. The reaction, which occurs as a flame when 
the gases are mixed and ignited, can be controlled 
by carefully regulating the rates of flow of the gases 
into the combustion chaniber. Heat from the reaction 
is absorbed in water as the gases flow from the com- 
bustion chamber through a coiled tube immersed in 
the calorimeter vessel. Flame calorimeters are usually 
calibrated by the introduction of electrical energy into 
the calorimeter system. 

Flow calorimeters are used for measuring the heats 
of reaction between gases and solids in which an ele- 
vated temperature is required to initiate and complete 
the chemical process. Reaction vessels for this type 
of calorimetry usually consist of a quartz tube wound 
with a heating coil and surrounded by an evacuated 
space. The solid sample is placed within the vessel 
which is immersed in the calorimeter and air is re- 
moved by flushing with an inert gas. When the sample 
has been heated electrically to the required tempera- 
ture, the reacting vapor is introduced as in the flame 
calorimeter. After completion of the reaction, the 
electrical current is stopped and the vessel is again 
flushed with inert gas. The temperature rise of the 
calorimeter system is due to the total energy, both 
chemical and electrical, introduced into the system. 
Calibration of the system is done in a similar experi- 
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To obtain specimens with high purity, D. F. Coyle injects 
material into a preparative chromatograph. Specimens 
of high purity must be used to insure accuracy of calori- 
metric heat measurements. 


ment without the reacting materials. Because the 
quantity of chemical energy is usually small as com- 
pared with the electrical energy, it is necessary to 
measure the amount of electrical energy very precisely. 
This method has been used for measurements of the 
heats of decomposition of boron hydrides? and the 


heats of formation of the halides of titanium, boron, 


and beryllium.* * * 

Another type of calorimeter, the solution calorimeter, 
differs from those described above, in which the chem- 
ical process takes place within a reaction vessel that is 
immersed in water, and in which the energy evolved 
by the process is determined by the temperature rise 
of the calorimeter solution. The solution calorimeter 
consists of a small reaction vessel surrounded by an 
evacuated jicket and fitted with a thermometer, a 
heater, a stirrer, and an apparatus for breaking a 
capsule of substance into the calorimeter fluid. It is 
used for determining heats of reaction, hydrolysis, 
solution, and dilution. This type of instrument is 
usually constructed of glass, but a platinum vessel is 
used for the measurement of heats of reaction with 
aqueous hydrofluoric acid. 

At NBS, construction is now under way on two new 
types of calorimeters. One is to be an adiabatic solu- 
tion calorimeter and the other an aneroid-type rotating 
bomb calorimeter which is also to be operated adia- 
batically. Ideally, an adiabatic instrument loses no 
heat to its environment and hence is especially suited 
for measurement of slow reactions and reactions in 
which only small amounts of energy are liberated. 


Hydrocarbons 


To correlate the energy content of molecules with 
structure and molecular arrangement and to provide 
essential data for the petroleum industry, heat-of- 
formation measurements were initiated on highly puri- 
fied hydrocarbon compounds. These substances, the 
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simplest and yet the most fundamental family of or- 
ganic compounds, were studied by the Bureau’s thermo- 
chemistry group in connection with investigations on 
the constitution of petroleum sponsored by the Amer- 
ican Petroleum Institute. The reaction used to obtain 
the thermochemical data was the combustion of the 
hydrocarbon with oxygen. From measurement of the 
heat of combustion for the reaction and independent 
measurements of the heats of formation of carbon 
dioxide (gas) and water (liquid), the heat of forma- 
tion of the hydrocarbon can be determined directly. 

As a result of the investigations of various classes 
of hydrocarbon compounds, changes can now be pre- 
dicted in the heats of combustion and formation caused 
by such variations in hydrocarbon structure as (1) the 
addition of a methylene unit (—CH,—) to an ali- 
phatic chain, (2) the introduction of branching in alkyl 
side chains, and (3) the effects of unsaturation, such as 
single or multiple double bonds, and triple bonds.* 7 § 

More recent work on some nonhydrocarbon organic 
compounds and on metal-organic compounds has 
shown that the same incremental effects on the heat of 
formation are caused by branching or lengthening of 
the alkyl groups in these molecules. Thus the knowl- 
edge gained from the hydrocarbon studies can be ap- 
plied directly to extend knowledge of the thermochem- 
istry of whole families of organic compounds, once the 
experimental data become available from the first few 
members of each family. 


Calorimetry of Fluorine Compounds 


With the growing interest in fluorine chemistry, es- 
pecially as related to fuels, better understanding of the 
thermochemistry of fluorine-containing compounds is 
increasingly important. For example, although it is 
known that the bond energies between fluorine and 
other nonmetals of low atomic weight should be rela- 
tively small, the accuracy of bond-energy values in use 
until recently is questioned because of the limited 
amount of information available on heats of formation 
of such compounds. In general, for these compounds, 
as well as compounds of fluorine with other elements, 
the heats of several reactions must be combined to 
determine the heat of formation from the elements. 
For most fluorine compounds, the heat of formation 
can be traced to a relatively few reactions of elemental 
fluorine. 

To avoid unknown experimental errors which may 
occur when measuring the heat of any given reaction, 
it is best to obtain results by several procedures. Such 
a check is particularly important when studying a 
group of compounds for which satisfactory procedures 
of heat-of-reaction measurement have not been estab- 
lished. To check against the possibility of unknown 
experimental errors in the heats of formation of 
fluorine compounds, Bureau scientists decided to verify 
some of the measurements with more reactions involv- 
ing elemental fluorine. It was thought that combus- 
tion with fluorine would make measurements of some 
compounds or elements much easier than with oxygen. 

Development of procedures for directly utilizing 
fluorine as an oxidizer in combustion calorimetry was 
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formerly retarded by the difficulties of finding suitable 
containers for the extremely reactive processes, of ob- 
taining pure fluorine, and of handling the highly toxic 
element. However, techniques and materials for han- 
dling fluorine have considerably improved so that 
accurate reaction calorimetry is now carried out with 
fluorine either by constant-pressure-flame or constant- 
volume processes. 


Constant-Pressure Fluorine Flame Calorimetry 


A series of experiments conducted at the Bureau 
during the past few years has demonstrated the feasi- 
bility of the constant-pressure flame calorimeter em- 
ploying fluorine as the oxidizing atmosphere.®: 1° This 
work aided in solving some of the problems en- 
countered. However, as yet, flame-combustion cal- 
orimetry with fluorine cannot give results comparable 
in accuracy with the oxygen flame calorimeter in sys- 
tems that have been most carefully studied. Further 
development of experimental techniques for handling 
the reactions is needed. 

Some general features of fluorine combustion sys- 
tems should aid in understanding the methods adopted. 
Hydrogenous materials and certain other substances 
generally ignite spontaneously at room temperature in 
a fluorine atmosphere. For this reason, no ignition 
is needed except for substances such as hydrogen 
which have a long induction period. Because a dif- 
fusion flame must be used, there is some difficulty in 
designing a burner that achieves complete combustion. 
This problem was successfully solved for the combus- 
tion of methane. The burner flame, once initiated, 
continues to burn in excess fluorine even when the 
concentration of fuel in the entering gases is extremely 
small. This characteristic should make it possible to 
burn volatile liquids as well as gases in the flame 
calorimeter. Hydrogen,.as a constituent of a fuel, 
readily and completely combines with fluorine to form 
gaseous hydrogen fluoride which can be collected and 
weighed to verify the amounts of fuel that burn. The 
strong interaction of the HF molecules is a compli- 
cating factor in interpreting heat measurements 
obtained from:a fluorine flame. 

The flame-calorimetric method has been used for 
determining the heat of formation of tetrafluorome- 
thane by combustion of methane and has provided 
new information on the heat of formation of hydrogen 
fluoride by the combustion of ammonia. These two 
basic compounds—HF and CF,—are of fundamental 
importance in the thermochemistry of fluorine com- 
pounds. The values ultimately accepted for their heats 
of formation will be used repeatedly in determining 
the heats of formation of other compounds from reac- 
tions involving hydrogen fluoride or tetrafluoromethane 
as products or reactants. 


Fluorine Bomb Calorimetry 
Reactions in the fluorine bomb calorimeter are being 
investigated at the Bureau following some initial experi- 


ments of this type at Argonne National Laboratory. 
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The main problem has been to find suitable crucible 
materials for holding the reacting substance. Tradi- 
tional materials, such as platinum or gold, react at the 
extremely high temperature created by the reaction, 
while nonreactive materials, such as refractory fluo- 
rides, have relatively low melting points and poor 
durability under thermal shock. Nickel or nickel- 
copper-alloy disks that rest on the bottom of the bomb 
are now being used. The bombs themselves are also 
composed of nickel or nickel-copper alloy. 

In preparation for a typical measurement, the bomb 
containing the sample is first evacuated; then filled 
with fluorine to a pressure of 20 atm. After excess 
fluorine is removed from the line connecting the bomb 
to the fluorine tank by flushing with helium, the 
bomb is detached and placed in the calorimeter. The 
actual heat measurement is much the same as in oxygen 
bomb calorimetry. At the conclusion of an experi- 
ment, the fluorine is removed by absorption in a 
soda-lime trap. 

To insure complete control of the experimental proc- 
esses at all times, care is observed in weighing the bomb 
before and after the experiment. Special arrangements 
have been developed for weighing the solid products 
of reaction. 

Experimental work completed in the fluorine bomb 
calorimeter has so far involved determining the heat 
of formation of aluminum fluoride. In these experi- 
ments, mixtures of finely divided aluminum and Teflon, 


Fluorine bomb calorimetry equipment and manifold used 
to obtain thermochemical data on fluorine compounds. 
E. S. Domalski adjusts fluorine outlet in preparation for 
calorimetry operation. 
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pressed into pellets, were burned in fluorine. The 
addition of Teflon enables the aluminum to combine 
completely with the gaseous fluorine to form aluminum 
fluoride. As the Teflon itself burns completely to form 
carbon tetrafluoride (CF,), the heat of combustion of 
Teflon can be easily determined and subtracted from 
the total heat of combustion to obtain the value for 
the aluminum fluoride. The combustion of beryllium 
and borides of aluminum such as AIB,. and AIB, will 
be studied next. 


Bomb Calorimetry of Nitrogen Fluorides 


Because of their relatively simple structure and 
their promising application as high-energy oxidizers, 
the nitrogen fluorides have been selected as the repre- 
sentative group to use for studying molecular binding 
energies. The binding energy changes between nitro- 
gen and fluorine, which are caused by variations in the 
overall structure of the molecule—including substitu- 
tion of other atomic groups—can be determined from 
this class of compounds. Nitrogen trifluoride may be 
taken as a reference substance in which the nitrogen- 
fluorine bond energy can be deduced unambiguously 
from the heat of formation. From work done at the 
Bureau and other laboratories it has been found that 
if a nitrogen-nitrogen bond is introduced into the 
molecule, as in tetrafluorohydrazine (N.F,), the nitro- 
gen-fluorine bond is strengthened, although the 
nitrogen-nitrogen bond formed is weak as compared to 
that in a similar molecule, such as hydrazine. 

Determinations of the heat of formation of these 
compounds required development of new procedures, 
as nitrogen and fluorine do not react directly. In this 
work it was found that, whereas the reaction of hydro- 
gen (gas) with nitrogen trifluoride (gas) produced 
ambiguous results, nitrogen trifluoride (gas) mixed 
with ammonia (gas) in a conventional reaction bomb 
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Fluorine bomb (right), press (left), and some auxiliary 
pieces (foreground). For determining heat of formation 
of aluminum fluoride, finely divided aluminum and 
Teflon are mixed together and pressed into pellets (grey 
tablet in foreground; white pellet is just Teflon) and 
then placed into the bomb (right background). A thin 
tungsten wire is attached to the calorimeter-bomb lid 
(shown in foreground). Current in this wire, which 
touches the pellet, initiates combustion. Teflon enables 
the aluminum to combine completely with the fluorine. 
The white pellet rests upon a nickel-copper-alloy disk 
which is placed in the bomb to hold the sample for 
combustion. 


provided adequate data.1' Examination of the solid 
products of the latter reaction indicated that it goes 
to completion. By using this simple reaction, the 
heats of formation of tetrafluorohydrazine and difluo- 
rodiazine (N;F;) have also been determined. Other 
nitrogen fluorides may be studied by the same 
technique. 


Chemical Thermodynamic Data Center 


Besides determining thermochemical values, the 
Bureau collects and compiles thermodynamic data on 
a great number of materials. This program, which is 
partly supported by the Atomic Energy Commission, 
was initiated to present—in convenient tabular form— 
best values of the thermodynamic information avail- 
able for each chemical substance over as wide a tem- 
perature range as possible. Thermochemical data and 
other values obtained from Bureau measurements are 
incorporated in the program. 

Many types of scientific research from laboratories 
throughout the world provide data for the chemical 
thermodynamic tables. Valuable sources of informa- 
tion include not only experimental calorimetry, 
thermochemistry, and thermodynamics, but also such- 
diverse fields as X-ray and electron diffraction, atomic 
and molecular spectroscopy, and mass spectroscopy. 

To obtain useful thermodynamic information from 
all the collected results, the Bureau abstracts and cor- 
relates the data, and then selects best values of the 
properties to be tabulated. Detailed reports on specific 
classes of compounds are periodically assembled and 
published. A revised general summary of experi- 
mental calorimetric data covering heat and free 
energies of formation, entropies, and heat capacities 
at room temperature is presently being prepared. 
This publication will supersede NBS Circular 500, 
which has just recently been reprinted and is available 
for $4.75 from the Superintendent of Documents, U.S. 
Government Printing Office, Washington 25, D.C. 


1 The standards are described in NBS Misc. Publ. 241, 
Standard Materials, which may be ordered for 30 cents 
from the Superintendent of Documents, U.S. Government 
Printing Office, Washington 25, D.C. Up-to-date supple- 
mentary inserts, which are issued periodically, are avail- 
able upon request directly from the National Bureau of 
Standards. 

*Heats of formation of diborane and pentaborane, 
E. J. Prosen, W. H. Johnson, and F. Y. Pergiel, J. Re- 
search NBS 61, 247 (1958) RP2901. 

* Heat of formation of titanium tetrachloride, W. H. 
Johnson, R. A. Nelson, and E, J. Prosen, J. Research 
NBS 62, 49 (1959) RP2928. 
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“Heat of formation of boron trichloride, W. H. John- 
son, R. G. Miller, and E. J. Prosen, J. Research NBS 62, 
213 (1959) RP2956. 

° Heat of formation of beryllium chloride, W. H. John- 
son and A. A. Gilliland, J. Research NBS 65A (Phys. 
and Chem.), 59 (1961). 

®° Heats of formation, hydrogenation, and combustion 
of the monoolefin hydrocarbons through the hexenes, and 
of the higher l-alkenes, in the gaseous state at 25 °C, 
E. J. Prosen and F. D. Rossini, J. Research NBS 36, 
269 (1946) RP1702. 

‘Heats of combustion, formation, and isomerization of 
ten Cy hydrocarbons, E. J. Prosen, F. W. Maron, and 
F. D. Rossini, J. Research NBS 46, 106 (1951) RP2181. 

* Heats of combustion of liquid n-hexadecane, 1-hexa- 


decane, n-decylbenzene, n-decylcyclohexane, n-decylcyclo- 
‘pentane, and the variations of heat of combustion with 
chain length, F. M. Fraser and E. J. Prosen, J. Research 
NBS 55, 329 (1955) RP2638. 


* Combustion calorimetry with fluorine—constant pres- 
sure flame calorimetry, G. T. Armstrong and R. S. Jes- 
sup, J. Research NBS 64A (Phys. and Chem.), 49 
(1960). / ' 

The heat of formation of tetrafluoromethane, R. S. 
Jessup, R. E. McCoskey, and R. A. Nelson, J. Am. 
Chem. Soc. 77, 244 (1955). 

™ Heat of formation of nitrogen trifluoride and the 
N-F bond energy, G. T. Armstrong, S. Marantz, and 
C. F. Coyle, J. Am. Chem. Soc. 81, 3798 (1959). 


1961 Research Highlights of the National Bureau of Standards 


Research Highlights reviews the Bureau’s re- 
search activities in developing, maintaining, and 
extending the nation’s standards of physical meas- 
urement, and in investigating the physical constants 
and the basic properties of materials. It is directed 
to research and industrial management, as well as 
to engineers and scientists. 

Among the topics covered are :— 

—The Bureau’s program in plasma physics and 
laboratory astrophysics. Lack of precise measure- 
ment techniques in this field has been delaying prog- 
ress in such important areas as space exploration 
and astronomy, ballistic missile defense systems, 
and in atmospheric, ultra-high temperature, and nu- 
clear and fusion power research. 

—Design of a new research reactor to advance 
the measurement and understanding of the effects 
of radiation on substances of all kinds, and to pro- 
vide a powerful tool for analysis of atomic and 
molecular structure. 

—Reliable temperature measurements at 16,000 
°K and research toward thermometer calibration 
service from 1.5 to 20 °K. 


Other research areas described in Highlights in- 
clude low ion-content water, half-life of carbon 14, 
a new standard frequency broadcast station, rede- 
termination of the NBS unit of electrical resistance, 
a data center on atomic collision cross sections, the 
production of radio waves from plasmas in the lab- 
oratory, new radioactive standard materials, effects 
of radiation on simple molecules, wire for supercon- 
ducting magnets, and many others. In all, approxi- 
mately 200 programs in 21 fields of the physical 
sciences are described. 

As appendixes to the research summary, Research 
Highlights contains not only the conventional fiscal 
data common to all annual reports, but such useful 
items as a complete list of publications by NBS 
authors—covering both internal publications and 
outside journals—and a list of patents issued to 
Bureau scientists during the year. 

Research Highlights of the National Bureau of 
Standards, Annual Report for fiscal 1961, National 
Bureau of Standards Miscellaneous Publication 242, 
issued December 1961, 204 pages, 75 cents. (Order 
from the Superintendent of Documents, U.S. Gov- 
ernment Printing Office, Washington 25, D.C.) 


Symposium on Measurement of 


Thermal Radiation Properties of Solids Announced 


A Symposium on Measurement of Thermal 
Radiation Properties of Solids will be held at 
the Biltmore Hotel, Dayton, Ohio, on Septem- 
ber 5, 6, and 7, 1962. This unclassified meeting 
is sponsored jointly by the Aeronautical Systems 
Division of USAF, the National Bureau of Stand- 
ards, and the National Aeronautics and Space 
Administration. 

The Symposium will deal with instrumentation 
and techniques for measuring thermal radiation 
properties such as emittance (emissivity), ab- 
sorptance, reflectance, and transmittance. The 
temperature range of interest extends from 10 °K 


April 1962 


to above 3,000 °K, and the wavelength range 
of interest extends from the ultraviolet into the 
infrared to 15 wand beyond. 

James J. Gangler, NASA Headquarters, Wash- 
ington, D.C., is General Chairman of the Sym- 
posium. Members of the Program Committee 
are Robert A. Winn, Chairman, ASD; J. C. 
Richmond, NBS; and H. Schwartz, NASA Lewis. 

Inquiries regarding submission of papers, or 
attendance at the Symposium, should be ad- 
dressed to Mr. C. Robert Andrews, Chairman of 
Arrangements, University of Dayton, Dayton 9, 


Ohio. 
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ANALYTICAL STUDY of the behavior of the tun- 
nel, or Esaki, diode at the Bureau has led to the 
formulation of an equivalent circuit describing its 
behavior over all possible modes of its operation. The 
tunnel diode model,’ produced by Sidney B. Geller and 
Paul A. Mantek, takes into account the curious nega- 
tive-resistance phenomena exhibited by the tunnel diode 
and can facilitate development of new circuitry using 
the diode. Operation of the diode in new circuits has 
been analyzed by a graphical construction technique 
and tested by using the analog computer to simulate the 
circuits. 

The diode, a device that rectifies alternating current 
to permit current to flow in one direction only, has 
been used in circuits since the early development of 
radio. The galena crystal and “cat whisker” used to 
detect radio signals in early crystal sets have been 
replaced by more stable encapsulated crystal diodes 
and thermionic diodes (tubes) in the modern radio. 
The later development of the transistor spurred re- 
search into the properties of semiconductor materials, 
of which both the crystal diode and transistor are 
composed. 


Tunnel Diodes 


Experimentation on semiconductors reported by Leo 
Esaki” in 1958 dealt with the presence of unusual 
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properties of diodes composed of heavily doped n and 
p layers with a “valence band” between. He found 
that portions of the voltage-current curves plotted for 
these diodes showed a decrease in current for an in- 
crease in applied voltage. Spatial analogies drawn in 
an effort to explain this phenomenon described cur- 
rent carriers “tunneling under” the diode junction, and 
diodes exhibiting this behavior thereafter became 
known as tunnel diodes. 


Negative Resistance 


Early experimentation on some electronic circuits 
and devices disclosed an unexpected voltage-current 
relationship. The reduced current flow for higher 
applied voltage was attributed to “negative resistance.” 
The behavior of the tunnel diode requires that nega- 
tive resistance be postulated as a characteristic of its 
junction over a limited range, at least. The instan- 
taneous voltage-current relationships for signals in that 
range are those that would result from the presence 
of a signal generator within the diode, operating to 
supply positive feedback. This is precisely the con- 
dition essential to form an oscillator circuit; it follows 
that the tunnel diode contains within itself the capa- 
bility of functioning as an oscillator. This charac- 
teristic is now being utilized; new  two-terminal 
circuitry uses the tunnel diode as an oscillator and 
amplifier for low-amplitude signals. 

The sample load-line drawn in a dot-dashed line in 
the diagram at lower left crosses the V—I (voltage- 
current) characteristic curve of the tunnel diode at 
three points. All three are possible operating points, 
but the one on the negative-resistance portion of the 
curve is unstable (except if circuit resistance is less 
than the negative resistance). When a voltage in- 
cluded in the negative-resistance portion of the curve 
is applied to the unstable circuit, the diode V—I values 
change to those at one of the stable operating points. 
Operation can be shifted from one stable point to the 
other by pulse displacement of the load line to sep- 
arate the operating point from the V—I curve; then 


At top of page: Sidney Geller adjusts wire model of 
tunnel diode voltage-current characteristic curve. Curve- 
follower device uses wire model of diode junction char- 
acteristic curve to supply part of programed input to 
analog computer in simulated operation of tunnel diode 
circuit. Left: The voltage-current characteristic of the 
ZJ—56 tunnel diode shows an area where the applica- 
tion of increasing voltage results in decreasing current 
flow. This area of negative resistance makes the tunnel 
diode useful as an oscillator and amplifier. The dashed 
lines are a rectilinear approximation of the V—1 curve 
(facilitating graphic and computational operations) and 
the current from a hypothetical “junction generator.” 
The dotted line is a mathematical approximation to the 
generator current. The broken line is one of a family 
of load lines. 
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Sidney Geller (right) and Paul Mantek observe an ex- 
perimental circuit output waveform being produced on 


an X-Y plotter. X—Y follower produces the curves as 
the output of an analog computer which has been pro- 
gramed to simulate circuit using tunnel diode. This 
technique checks design operability, speeds selection of 
component values, and delineates circuit parameters for 
desired circuit operation. 


the V—I values “jump” to those of the remaining 
intersection of the load line and V—I curve. 

This capability of bistable operation might enable 
the tunnel diode to operate in computer memory and 
switching circuits. Circuit requirements in this appli- 
cation are for bistable capability (already met) and 
higher-amplitude signal capability than required of 
the tunnel diode in previous applications. Determi- 
nation of its suitability required knowledge of the 
tunnel diode characteristics over an extended range. 


Model of a Tunnel Diode 


The description of properties of an electronic com- 
ponent is supplied by a “model,” or equivalent circuit, 
of the component which shows and gives values for all 
effective electrical constituents of the component. For 
a passive component (a resistor, capacitor, etc.) the 
model can include some values for the following: series 
and shunt resistance, capacitance, and inductance. 
Active and nonlinear circuit components are repre- 
sented by more complex models. which can include also 
a hypothetic “current generator.” 

Many circuits using the tunnel diode in small-signal 
applications have been designed by using empirical 
knowledge of the device’s behavior in existing circuits. 
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“Model” or equivalent circuit of a tunnel diode (type 
ZJ—56). It has made possible the use of graphical and 
analog computer techniques to verify the operability of 
new circuits using the tunnel diode. Use of the model 
and circuit simulation techniques by the engineer will 
simplify designing tunnel diode circuitry. 


The diode’s capabilities in applications beyond these 
limits can be determined, if its equivalent circuit is 
known, by “plugging in” the new parameters of its 
operation to the model. This study had as its goal the 
development of such a comprehensive equivalent cir- 
cuit for large-signal operation of the tunnel diode. 


Model Components 


The first step in developing the model was to identify 
for separate treatment the fixed constituents of the 
diode that appear across its terminals. It was assumed 
that these “components” (upper right, above )—series 
lead resistance, series inductance, and diode “barrier” 
capacitance—remained essentially constant over a sub- 
stantial operating range. These values were deter- 
mined by direct measurement. 

The remaining internal components were assumed to 
be a fixed resistance and a current generator operating 
as a function of voltage applied to the junction and 
connected, in effect, in parallel as part of the diode 
junction. The following analysis treated the static 
current flow across the diode junction as being the 
current through the fixed resistance plus that contrib- 
uted by the assumed generator. 


Graphical Analysis of Tunnel Diode Equivalent 
Circuit 


Inspection of the ZJ—56 tunnel diode voltage-current 
characteristic curve showed that it could be greatly 
simplified by sustituting a four-segment rectilinear 
curve as a realistic approximation to it, as shown 
above. It was later shown that use of this simpli- 
fied form did not vitiate the results of the analysis. 
(See Graphical Analysis of Circuit Operation, and 
Use of Analog Computer in Circuit Simulation, below.) 
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It was next assumed that the first positive resistance 
segment of the curve was due solely to the operation of 
R,, the fixed-resistance components of the diode junc- 
tion. Its own V-I relationship would extend linearly 
over the entire operating range of the device, as sug- 


gested in the diagram, page 65. Therefore, the 
difference between the actual current (shown on the 
characteristic curve) and the predicted current (for the 
resistance-only condition) for any applied voltage 
must be due to operation of the hypothetical current 
generator. 

‘The graphical construction of the generator current 
component is shown as the dashed line in the diagram, 
page 65; although presented as a positive value it is 
actually opposite in value to the other current com- 
ponent. It is zero during the first positive-resistance 
segment of the curve, rises in absolute value most 
rapidly during the negative-resistance portion of the 
curve, and is unchanging in level at the second positive- 
resistance segment. 


Computation of Equivalent Circuit Values 


Use of the equivalent circuit requires that the diode’s 
generator current be expressed in mathematical form. 
Analysis showed similarity between the four-segmented 
internal-generator curve and one of the form: 
i(v) =k, (l—exp(—f.v*?)), in which k, and k, are 
constants for the diode type being investigated. The 
mathematically expressed curve is shown as a dotted 
line on page 65. This and the previously described 
values complete the mathematical description of the 
large-signal equivalent circuit for the tunnel diode, 
which is applicable over all modes of its operation. 


Graphical Analysis of Circuit Operation 


Completion of the tunnel diode model made possible 
prediction of the device’s performance in specific cir- 
cuits. This was done by means of a numerical- 
graphical technique devised as part of this study and 
also by use of the analog computer and its accessories. 

The method for graphical presentation of circuit 
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Sidney Geller, left, starts analog computer in operation 
as Paul Mantek watches. Tunnel diode equivalent circuit 
developed in the NBS computer techniques and com- 
ponents laboratory is fed to computer (left) program 
board from curve follower (foreground). Computer 
uses as inputs these data and circuit information wired 
into the program board, and presents the output of the 
experimental circuit on the X—Y plotter (center back- 
ground). 


operation was developed by first obtaining a second- 
order nonlinear differential equation describing opera- 
tion of the diode in a circuit including external com- 
ponents (resistance, inductance, and applied voltage). 
Combination and mathematical treatment (integration 
and placing in incremental form) of these equations 
yielded one giving junction voltage as a function of 
time (At). 

The graphical technique is used to construct a plot 
of junction voltage (in the operating circuit) in rela- 
tion to time by treating time in terms of a phase angle. 
The incremental angle used for bits of the construction 
was chosen small enough for detail in construction, 
but was changed where needed to maintain the detail 
in some construction increments. Construction was 
speeded by use of templates cut to the incremental 
angles selected. Similarity of such graphs to those 
obtained by measurements of operating circuits was 
good. 


Use of Analog Computer in Circuit Simulation 


The analog computer and its accessories can be used 
as an alternative method of simulating the operation 
of circuits. The computer method has been applied 
to large-signal circuits—relaxation oscillator, bistable 
switch, and sinusoidal oscillator. 

Normally, a newly designed circuit is first “bread- 
boarded”—a working model constructed in rough 
form—to verify that it can function as intended. Here 
a step made possible by computer techniques can check 
on design engineering and save costly backtracking. 

The configuration and component values of an un- 
tried circuit are “programed” into the analog computer. 
The behavior of the diode junction is represented 
graphically by a length of wire secured to the plotting 
surface of a Mosely curve follower. The wire is 
shaped like the approximation to the generator cur- 
rent; the curve follower uses it to supply an input 
(the behavior of the diode junction) to the analog 
computer program. The other components of the 
diode model are programed, along with the circuit 
design components, at the computer program board. 
The computer output in this case is a waveform pro- 
duced on an X—Y plotter, an accessory to the computer, 
presenting the dependent variable as a function of time. 

Several circuits simulated by means of this analog 
technique showed close agreement with empirically ob- 
tained curves. This technique is useful also in deter- 
mining optimum circuit values by inspection of 
computer waveform outputs for experimentally varied 
component values. These operations have been per- 
formed by analog computer, but are amenable also 
to digital computer techniques. 
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Related Transistor Study 


A similar study * had as its object the development 
of an equivalent circuit for the junction transistor. 
Analogous procedures, including graphical and mathe- 
matical steps, were used to define the model. Circuits 
devised were likewise simulated by means of analog 
computer techniques. 


*Tunnel diode large-signal equivalent circuit study 
and the sdlutions of its non-linear differential equations, 
by Sidney B. Geller and Paul A. Mantek, J. Research 
NBS 65C€ (Eng. and Instr.), No. 4, Oct—Dec. 1961. 

*New phenomenon in narrow germanium p-n junction 
by Leo Esaki, Phys. Rev. 109, pp. 603-604, Jan. 15, 1958. 

*A general junction-transistor equivalent circuit for 
use in large-signal switching analysis, by S. B. Geller, 
P. A. Mantek, afd D. R. Boyle, The PGEC (IRE Pro- 
fessional Group on Electronic Computers) Transactions, 


Dec. 1961. 
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